suggest that bystander effects play an important role in the biological response of V79 cells when the 3H is localized in the cell nucleus and distributed nonuniformly among the cells. In contrast, bystander effects cannot be detected above traditional radiation effects (i.e. direct + indirect) when the 3H is localized in the cell nucleus and distributed uniformly among the cells. These results indicate that this multicellular cluster model is well suited for studying the effects of nonuniform distributions of radioactivity, including bystander and "hotparticle" effects. Furthermore, these results suggest that by-1 Author to whom correspondence and requests for reprints should be addressed. stander effects may play an important role in the prediction of the biological effects of radiopharmaceuticals used in medical diagnosis and treatment.
INTRODUCTION
Over the past several years there have been several reports that cells that have received no radiation exposure suffer biological consequences when they are in the presence of cells that have been irradiated (1-5). This phenomenon has been termed the bystander effect. Nagasawa and Little (1) used acute external beams of ax particles to irradiate monolayers of Chinese hamster ovary cells with low doses. These exposures led to the formation of sister chromatid exchanges in 30-50% of the cells despite the fact that statistically only about 1% of the cell nuclei could have been traversed by an a particle. They concluded that genetic damage can be imparted to "bystander" cells when cell populations are exposed to low doses from a particles.
Similar observations were made by Deshpande et al. (2). Azzam et al. (5) studied the mechanisms of the bystander effect by
showing that the expression levels of TP53, CDKN1A, CDC2, CCNB1 and RAD51 are significantly modulated when human diploid cell populations are irradiated with low doses of a particles where only a small fraction of the nuclei are actually hit. They also found that the extent of modulation was significantly reduced when lindane, an inhibitor of gap-junction intercellular communication (6, 7), was present during the irradiation period. These data suggest that gap-junction intercellular communication may play an important role in the bystander effect.
While the studies described above involve the use of a particles, Mothersill and Seymour (4) have irradiated cells with y rays to study the bystander effect. In this case, the gap-junction inhibitor phorbol myristate acid actually increased killing by the bystander effect. Based on these data, they suggested that signal transduction mechanisms, as op-
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Radiation Research Society is collaborating with JSTOR to digitize, preserve, and extend access to Radiation Research www.jstor.org ® posed to the release of a factor that is directly cytotoxic, may control death or survival due to the bystander effect. The studies of Nagasawa and Little (1), Deshpande et al. (2) and Mothersill and Seymour (4) raise interesting points regarding the biological effects of ionizing radiation, in particular the bystander effect. As noted by these authors and others (3, 8, 9) , the bystander effect is particularly relevant to the "hot-particle" problem as well as the biological effects of incorporated radionuclides in general. However, there remain several aspects to be addressed such as: (1) What is the significance of the bystander effect compared to the overall effect to the cell when it experiences damage from both bystander and traditional radiation effects (i.e. direct + indirect)? (2) Can bystander effects be observed in three-dimensional tissue models? (3) Do bystander effects indeed result from nonuniform distributions of radioactivity? (4) If so, what types of ionizing radiation produce significant bystander effects? The present work attempts to address some of these questions using a novel three-dimensional cell culture model and precisely controlled nonuniform distributions of incorporated radionuclides to deliver radiation exposures. Chinese hamster V79 lung fibroblasts (kindly provided by A. I. Kassis, Harvard Medical School, Boston, MA) were used in the present study, with clonogenic survival serving as the biological end point. V79 cells are known to exhibit some degree of gap-junction intercellular communication at 37?C (12, 13). The cells were cultured in minimum essential medium (MEM) supplemented with 10% heat-inactivated (57?C, 30 min) fetal calf serum with 2 mM L-glutamine, 50 U/ml penicillin and 50 jLg/ ml streptomycin (MEMA). The pH of the culture medium was adjusted to 7.0 with NaHCO3. All media and supplements used in this study were from Life Technologies (Grand Island, NY). Cells were maintained in 175-cm2 Falcon sterile tissue culture flasks (Becton Dickinson, Lincoln Park, NJ) at 37?C and 5% CO2, 95% air, and were subcultured twice weekly or as required.
Radiolabeling and Assembly of Multicellular Clusters with 50% of Cells Labeled
V79 cells growing as monolayers in 175-cm2 Falcon flasks were washed with 10 ml of phosphate-buffered saline, trypsinized with 0.05% trypsin-0.53 mM EDTA, and suspended at 2 X 106 cells/ml in calciumfree MEM with 10% heat-inactivated (57?C, 30 min) fetal calf serum, 2 mM L-glutamine, 50 U/ml penicillin and 50 jLg/ml streptomycin (MEMB). Aliquots of 1 ml were placed in two sets of sterile 17 X 100-mm Falcon polypropylene round-bottom culture tubes (10 tubes in each set) and placed on a rocker-roller (Fisher Scientific, Springfield, NJ) for 3-4 h at 37?C in an atmosphere of 95% air and 5% CO2. After this conditioning period, 1 ml of MEMB containing various activity concentrations (0-296 MBq) of [3H]dThd was added to the first set of culture tubes containing 1 ml of V79 cells. Only 1 ml of MEMB was added to the other set of tubes. All tubes were then returned to the rocker-roller at 37?C, 95% air and 5% CO2. After a 12-h period of labeling with radioactivity, the first set of tubes were removed and centrifuged at 2000 rpm at 4?C for 10 min. Aliquots of the supernatant were used to check the concentrations of radioactivity added. The cells were washed three times with 10 ml of MEM with 10% heat-inactivated (57?C, 30 min) calf serum, 2 mM L-glutamine, 50 U/ml penicillin and 50 ,jg/ml streptomycin (wash MEMA). The cells in the second set of tubes (unlabeled) were similarly washed and the contents of a given tube transferred to one of the first set of tubes containing radiolabeled cells. Finally, the pooled cells in each tube were suspended in 400 pxl of MEMA or 0.58% DMSO (Sigma Chemical Co., St. Louis, MO) in MEMA or 0.58% DMSO-100 j,M lindane (hexachlorocyclohexane, y-isomer from Sigma) and transferred directly to a sterile 400-pl polypropylene microcentrifuge tube with attached cap (Helena Plastics, San Rafael, CA) (Fig. 1) . The concentration of lindane (i.e. 100 pJM) was selected based on a separate study as described below, and DMSO served as a control for lindane. The 400-p.1 tubes were centrifuged at 1000 rpm for 5 min at 4?C to form a multicellular cluster -1.6 mm in diameter. The resulting clusters contained a total of 4 X 106 cells, of which 50% were labeled (Fig. 1) . The capped After 72 h the cluster was dismantled, the mean activity per cell was determined, and the cell survival was compared to that of its matched control using the procedure outlined above.
Assembly of Multicellular Clusters with 100% Radiolabeled Cells
Multicellular clusters in which 100% of the cells were radiolabeled were assembled using the cells prepared as above. In short, 1 ml of MEMB containing different concentrations of radioactivity was added to culture tubes containing 1 ml of conditioned cells (4 X 106 cells). Half of the concentrations used for the 50% labeling experiment were used to maintain approximately the same cluster activity. After an incubation period of 12 h at 37?C in an atmosphere of 95% air and 5% CO2, the radiolabeled cells (4 X 106) were washed as above, suspended in 400 [1 of MEMA, 0.58% DMSO in MEMA, or 0.58% DMSO-100 IxM lindane in MEMA, and transferred to a 400-pl microcentrifuge tube and centrifuged as described above. The microcentrifuge tubes containing the cell clusters were maintained at 10.5?C for 72 h, after which the surviving fraction of cells was determined as described above.
Response of Multicellular Clusters to Chronic and Acute Exposure to External y Rays
Microcentrifuge tubes containing multicellular clusters prepared with 4 X 106 unlabeled cells as described above were transferred to a refrigerator at 10.5?C. The tubes were placed at different distances from a 370-MBq 137Cs source housed in a small stainless steel capsule. Two control tubes were similarly maintained at 10.5?C without radiation exposure. The cumulated absorbed dose to the irradiated cells was measured using a Thomson-Nielson (Ottawa, Canada) miniature MOSFET dosimeter system. After 72 h of chronic irradiation, the cells were processed as described above to determine the surviving fraction. Cumulated doses of 2.4 to 12.7 Gy were delivered over 72 h at dose rates from 3 to 18 cGy/ h, depending on the distance from the source. The response of the multicellular cluster to acute 137Cs y rays was also studied by maintaining identically prepared multicellular clusters at 10.5?C for 72 h and then irradiating them acutely at the same temperature in a J. L. Shepherd Mark I irradiator (San Fernando, CA). The acute dose rate was -1-1.7 Gy per minute and total doses ranged from 1 to 12.5 Gy. After the acute irradiation, the cells were processed as above and the surviving fraction was determined compared to that for unirradiated control cells. Fig. 7 . 
Gap

Multicellular Model
The data in the present work have been obtained with a new three-dimensional tissue culture model that has been designed specifically to quantify the impact of nonuniform distributions of radioactivity in tissues on the biological effect of the incorporated radionuclides. It is demonstrated that multicellular clusters can be assembled by mixing suspensions of radiolabeled and nonradiolabeled cells to achieve a controlled degree of nonuniformity of radioactivity in an in vitro multicellular cluster model (Fig. 1) . This DISCUSSION Radiopharmaceuticals are used widely in clinical medicine to diagnose and treat a variety of medical conditions. It is well known that when radiopharmaceuticals are administered to the patient, the radioactivity localizes in different tissues in the body and its distribution at the macroscopic and microscopic levels is nonuniform. The degree of nonuniformity can vary widely depending on a variety of factors. The biological consequences of nonuniform distributions of radioactivity in a given tissue can also vary substantially. Despite these well-known facts, current internationally accepted methods for assessing risks from diagnostic nuclear medicine procedures assume that the radioactivity is distributed uniformly in organs and tissues and that the biological response depends principally on absorbed dose, radiation type and tissue radiosensitivity (16). Bystander effects and other potential consequences of nonuniform distributions of radioactivity are ignored in these risk estimates. The same assumption is frequently made in assessing risks from environmental (e.g. 222Rn) and accidental (e.g. '37Cs, 131) exposures to radioactivity. While lindane is known to be an inhibitor of gap-junction intercellular communication, it is also known to affect other processes that may pertain to its apparent ability to decrease bystander effects. For example, lindane may increase levels of superoxide dismutase and the extent of lipid peroxidation (26, 27) and cause alterations in intracellular free calcium and mitochondrial transmembrane potential (28) . It may also increase the activity of NADPH-cytochrome P450 and the ratio of superoxide anion production/ superoxide dismutase activity (29) and the formation of reactive oxygen species that result from the metabolism of lindane (30). Therefore, it is possible that mitigation of bystander effects by lindane may be due not only to inhibition of gap-junctional intercellular communication but also to these other processes.
Bystander Effects Relative to Conventional Radiation Effects
To assess the relative importance of bystander effects compared to conventional radiation effects (i.e. direct + indirect), the clusters were assembled such that 100% of the cells were again labeled with [3H]dThd. 13 neighbors (22) . Hence the biological effect imparted to a given target cell in the cluster is due not only to the 3H decays that occur in the target cell but also to the sum of the bystander effects imparted by the neighboring cells. Therefore, since lindane had no impact on cell survival, the contribution of the bystander effect appears to be negligible for this biological end point in the case of 100% labeling, at least over the range of activities considered.
It thus stands to reason that the impact of the bystander effect on cell survival depends on the percentage of cells in the cluster that are labeled, with the effect being most pronounced at low labeling percentages and when crossirradiation between cells is absent or minimal. Accordingly, it is anticipated that a somewhat smaller bystander effect may be observed when cells are labeled with radionuclides that emit particles with ranges of several cell diameters or more (e.g. 131I) because cross-irradiation plays a more important role in these cases (22) .
Finally, it should be noted that the arguments made above are based on cell survival data alone. While it is not expected that data based on other biological end points will point toward very different conclusions than those reached above, the importance of examining other end points is recognized.
